presented a comprehensive research review of the methods using vadose zone data for groundwater-recharge estimations. Conventional water-balance methods have involved large errors due to many aspects of recharge estimation for (semi)arid areas (Finch ; Favreau et al. ) . Furthermore, numerical unsaturated-zone simulations, which are a useful tool for estimating the magnitude and timing of recharge, require calibration from a dataset of shallow depths or verification of the parameters (Kendy et al. ) . Water-level measurements, the most direct measure of groundwater recharge, are not an effective approach when the groundwater level is affected by pumping (Scanlon et al. ) . This is particularly true when the unsaturated zone is very thick, when precipitation or irrigation water may take a long time to reach the water table.
Environmental tracers have always been applied to estimate groundwater recharge over recent years (Si & Despite numerous studies, the estimation of groundwater recharge has remained uncertain and inconsistent in many regions, particularly in regions with a thick vadose zone. For example, in the North China Plain (NCP), which has experienced a steeply declining water table and increased thickness of the unsaturated zone, Kendy et al. () found that the recharge rates ranged from 5 to 109 cm/a based on the quantity of precipitation and irrigation; Wang et al. () 
MATERIALS AND METHODS

Study site
This study was conducted at the Luancheng Agro-ecosystem 
Instrument setup and data collection
The soil water content and matric suction at deep soils were measured continuously in an access well using time domain 
Groundwater-recharge calculation
The vertical water flux rate was calculated from the water content and soil hydraulic gradient using Darcy's law as follows:
where K(θ) is the unsaturated hydraulic conductivity; φ is the total water potential; h is the matric potential; and z is the vertical elevation of the probe at soil profile. In the unsaturated zone, soil water movement is driven by matric potential and gravity.
Over a certain period, the water recharge at a given depth is obtained by integrating the water flux over time using the following equation:
where Q is the groundwater recharge at a given soil depth, and △t is the time step. This method provides a recharge point estimate over a wide range of time scales.
RESULTS AND DISCUSSION
Temporal dynamics of soil water content reported that the groundwater took more than 60 years to be recharged in the Loess Plateau of China. Min et al. () showed that the response time of the water table to rainfall input might be no more than 1 year. However, Lu et al. () indicated that the response time would be approximately 1 month, based on numerical modeling. The disparity might result from the difference in soil layers and soil texture-related parameters in the numerical model. Water movement was primarily delayed between the soil layers.
If the soil profile had a uniform texture and structure, the water infiltration time would be shorter. In addition, the time lag of recharge is prolonged with increase in thickness of the vadose zone (Huo et al. ) .
Additionally, three to five irrigation applications were carried out each year during extreme drought events. Irrigated water was applied to the topsoil mainly to support crop growth. The soil water content displayed no obvious changes after irrigation. Therefore, irrigation had no effect on the soil water increases in the deep soil. Furthermore, during the experimental period, the water content at 11 m was approximately 0.25 cm 3 /cm 3 higher than at 9 m depth. 
Estimation of groundwater recharge
CONCLUSIONS
In this study, soil water content and matric suction were determined using TDR probes and pressure transducers at depths of 9 and 11 m to monitor the long-term hydrologic activity in the NCP in a thick vadose zone. Darcy's law was used to estimate the vertical water flux and groundwater recharge. The results indicated that the precipitation significantly influenced the soil water content at 9 and 11 m depth, especially after a rainstorm. The soil water increased by approximately 0.03-0.04 cm 3 /cm 3 after the rainy season.
Furthermore, the soil water dynamics were influenced relative to consecutive precipitation events. Groundwater recharge ranged from 7.60 to 19.57 mm over different measurement periods due to different precipitation trends and buffering of the thick unsaturated zone.
